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Ion proton sequencerRecent improvements in next-generation sequencing technology have made it possible to do whole genome
sequencing, on even non-model eukaryote species with no available reference genomes. However, de novo
assembly of diploid genomes is still a big challenge because of allelic variation. The aim of this study was to de-
termine the feasibility of utilizing the genome of haploid ﬁsh larvae for de novo assembly of whole-genome
sequences. We compared the efﬁciency of assembly using the haploid genome of yellowtail (Seriola
quinqueradiata) with that using the diploid genome obtained from the dam. De novo assembly from the haploid
and the diploid sequence reads (100 million reads per each datasets) generated by the Ion Proton sequencer
(200 bp) was done under two different assembly algorithms, namely overlap-layout-consensus (OLC) and de
Bruijn graph (DBG). This revealed that the assembly of the haploid genome signiﬁcantly reduced (approximately
22% for OLC, 9% for DBG) the total number of contigs (with longer average and N50 contig lengths) when
compared to the diploid genome assembly. The haploid assembly also improved the quality of the scaffolds by
reducing the number of regionswith unassigned nucleotides (Ns) (total length of Ns; 45,331,916 bp for haploids
and 67,724,360 bp for diploids) in OLC-based assemblies. It appears clear that the haploid genome assembly is
better because the allelic variation in the diploid genome disrupts the extension of contigs during the assembly
process. Our results indicate that utilizing the genome of haploid larvae leads to a signiﬁcant improvement in the
de novo assembly process, thus providing a novel strategy for the construction of reference genomes from non-
model diploid organisms such as ﬁsh.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Recent advances in the speed, accuracy and cost effectiveness of
next-generation sequencing (NGS) technologies have provided the
opportunity for whole genome sequencing of even non-model eukary-
ote species with no available reference genomes (Jiang et al., 2011;
Henkel et al., 2012; Nikaido et al., 2013). However, since most eukary-
otes are diploidy, de novo assembly of their genomes is still a big
challenge because allelic variation may impede the extension of contig
during de novo assembly, from which may arise a large number of
small and redundant contigs.
In order to avoid the complications caused by allelic variation, sever-
alﬁsh genomics studies have employeddoubled haploids (theoretically,
with no allelic variation in the two sets of identical chromosomes) to
facilitate sequence assembly (Liu et al., 2013; Palti et al., 2014;
Berthelot et al., 2014; Xu et al., 2014). Zhang et al. (2014) comparedLC, overlap-layout-consensus;
ms;Ns, unassigned nucleotides.
. This is an open access article underthe assembly efﬁciency between doubled haploid and diploid fugu
(Takifugu rubripes) genomes, and obtained a higher N50 contig length
from the doubled haploid genome than from the diploid genome.
Although doubled haploid ﬁshes are useful in genomic analysis, limited
doubled haploid ﬁsh are available and the establishment of doubled
haploid lines is labor-intensive, time-consuming and expensive. On
the other hand, haploid larvae are convenient since genomic analysis
with no allelic variation becomes possible with the use of artiﬁcial
insemination. Recently, Everett and Seeb (2014) have used haploid em-
bryos for high-throughput genotyping by sequencing to rapidly create a
dense meiotic map for Chinook salmon (Oncorhynchus tshawytscha).
We undertook this study with the objective of shedding light on the
utility of haploid ﬁsh larvae for de novo assembly in whole-genome
sequencing projects. We prepared a haploid genome of yellowtail
(Seriola quinqueradiata), one of the most important marine ﬁshery
resources in Japan. De novo assembly of the haploid and the diploid
genomes of yellowtail was done under two different assembly algo-
rithms, namely overlap-layout-consensus (OLC) and de Bruijn graph
(DBG), and the assembly efﬁciency compared between the haploid
and the diploid genomes. This is, to best of our knowledge, the ﬁrst
report assessing the relative assembly efﬁciencies of haploid and diploidthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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assembly efﬁciency for ﬁsh genomes.
2. Materials and methods
2.1. Induction of haploid ﬁsh
Fish used for this study were obtained from the broodstock main-
tained at the Goto laboratory of Seikai National Fisheries Research
Institute, Nagasaki, Japan. Gametes were obtained by gently stripping
ovulating females and mature males. The eggs from one female were
fertilized by UV-irradiated sperm from one male. For UV-irradiation,
0.1 ml of milt (~3.4 × 109 spz) was diluted with 1.9 ml of artiﬁcial sem-
inal plasma (NaCl 134.5 mM, KCl 30 mM, NaHCO3 20 mM, MgCl2
1.6 mM, CaCl2 1.3 mM, TAPS 20 mM, pH 7.3) and poured into a Petri
dish (BD Falcon, Tissue culture Dish). The dish was placed in the center
of a UV-box (KENIS, 6W)which in turnwas placed on a rotating shaker
(Nissin, NA-301). The sperm was treated with UV irradiation for 5 min
(12,000 erg mm−2) with gentle shaking (100 rpm). After UV irradia-
tion, approximately 10,000 eggs (5 g) were immediately inseminated
with the irradiated sperm suspension. Fertilized eggs were reared in a
100 l polycarbonate tank supplied with ﬁltered seawater at 20.0 ± 0.5
°C until 72 h after fertilization. Hatched haploid larvae were sampled
and preserved in TNES-Urea buffer (10 mM Tris–HCl, pH 7.5, 125 mM
NaCl, 10 mM EDTA, 1% sodium dodecyl sulfate, 8 M urea).
2.2. NGS sequencing
Genomic shotgun libraries were prepared from haploid larvae and
the blood of its diploid dam. DNA extraction from the samples was
performed by the standard phenol-chloroform method. Each 50 ng of
the DNA sample was sheared to ~200 bp using the Covaris S220 system
(Covaris, Woburn, MA, USA). After fragmentation, each sample was
puriﬁed using the MinElute PCR puriﬁcation kit (Qiagen, Valencia, CA,
USA) and ligated to Ion Plus Fragment Library Adapters using Ion Xpress
Plus gDNA Fragment Library kit (Life Technologies, Carlsbad, CA, USA)
following the manufacturer's protocol. Size selection of the fragment
DNA was carried out using the Pippin Prep (2% agarose cartridge, Sage
Science, Beverly, MA, USA) under a “tight” setting with a mean of
280 bp. After size selection, the samples were puriﬁed using Agencourt
AMPure XP beads (Beckman Coulter Inc., Brea, CA, USA) and ampliﬁed
using KAPA HiFi polymerase (KAPA Biosystems, Woburn, MA, USA).
PCR cycling conditions consisted of initial denaturation at 95 °C for
3 min; followed by 8 cycles at 98 °C for 20 s, 60 °C for 15 s, 72 °C for
30 s; and 72 °C for 1 min. After ampliﬁcation, the libraries were puriﬁed
using Agencourt AMPure XP beads. The quality and size of those librar-
ies were calculated by the 2100 Bioanalyzer with a high sensitivity DNA
chip (Agilent Technologies, Waldbronn, Germany). The libraries were
quantiﬁed using the Qubit ﬂuorometer with a Quant-it dsDNA HS kit
(Life Technologies). Emulsion PCR and Ion Sphere Particles enrichment
were performed using the Ion OneTouch 2 Instrument with an Ion P1
Template OT2 200 Kit v3 (Life Technologies). The template samples
were sequenced on Ion P1 Chip v2 using the Ion Proton system with
Ion P1 Sequencing 200 Kit v3 (Life Technologies).
In this study, two mate pair libraries (insertion sizes were 3 kb and
5 kb, respectively) were also constructed. A total of 10 μg of diploid
genomic DNA was sheared to approximately 3 kb and 5 kb using the
Covaris S220 system, respectively. The sheared DNA was puriﬁed
using Agencourt AMPure XP beads. The correct sized products (around
3 kb and 5 kb) were excised and puriﬁed using QIAquick Gel Extraction
Kit (Qiagen). Circularization and recovery of the mate pair fragments
were performed using the 5500 SOLiDMate-Paired Library Kit (Applied
Biosystems® Foster City, CA, USA) following manufacturer's protocol.
Themate pair fragments were then ligated to Ion Plus Fragment Library
Adapters (Life Technologies). Subsequently PCR ampliﬁcationwas done
using Platinum® PCR Ampliﬁcation Mix (Applied Biosystems®) withIon Library Ampliﬁcation Primer Mix (Life Technologies). The PCR
protocol consisted of nick translation at 72 °C for 20min, initial denature
at 94 °C for 5 min; followed by 11 cycles at 94 °C for 15 s, 58 °C for 15 s,
68 °C for 1 min; and 68 °C for 3 min. The library puriﬁcation, quality
check and quantiﬁcation were performed as described above. An emul-
sion PCR and Ion Sphere Particles enrichment were done using the Ion
OneTouch 2 Instrument with an Ion PGM Template OT2 400 Kit (Life
Technologies). The template samples were sequenced on Ion 318 Chip
kit v2 using the Ion PGM platform with Ion PGM Sequencing 400 Kit
(Life Technologies).
2.3. Construction of datasets and de novo assembly
Prior to the de novo assembly, the sequence reads produced from the
genomic shotgun libraries (the haploid and diploid) were processed
according to the following steps. Three types of reads, i) derived from
the yellowtail mitochondrion (GenBank accession number: NC_
016868), ii) duplicated and iii) lowquality,were ﬁltered using CLCGeno-
mics Workbench 7.0.3 (CLC Bio, Aarhus, Denmark) (for details see Sup-
plementary information text 1). The remaining reads were trimmed to
the initial 200 bp, and the reads shorter than 200 bp were discarded.
For the de novo assembly, 100 million reads (i.e. 20Gb) were randomly
chosen three times for each of the haploid and diploid reads, thereby pro-
ducing a total of six datasets (haploid × 3 and diploid × 3). Regarding the
mate pair libraries of the diploid, which were used for scaffold construc-
tion, low quality reads were ﬁltered using procedure mentioned above.
For the de novo assembly, we tested two types of algorithms, OLC
using Newbler 2.9 (Roche Diagnostics, Basel, Switzerland) and DBG
using CLC GenomicsWorkbench. Each of the assemblies was performed
incrementally: 100 million reads in a dataset derived from genomic
shotgun libraries were split into ten subsets consisting of 10 million
reads, the assembly was then repeated with one of the subsets
appended to the input, and ﬁnally the mate pair reads were appended
for scaffold construction (for details see Supplementary information
text 1). The difference in the average assembly statistics between the
three haploid and diploid datasets was evaluated using Student's t test
with a signiﬁcance level of 0.01.
2.4. Sequence comparison of the assembled contigs
The heterozygous contigs in the de novo assemblieswere inferred by
contig-to-contig BLASTN (Altschul et al., 1990; Camacho et al., 2009)
with E value cutoff of 10−20, a 95% identity cutoff, and cover ratio of
80% of the query sequence, using large contigs (≥500 bp generated
by OLC-based assembly). First, the heterozygous contigs derived from
the parental genomes were estimated by diploid-to-diploid contig se-
quence comparisons. A heterozygous contig was then deﬁned as the
contig matching two contigs (i.e. a self-match and an allelic counter-
part). As a negative control, the haploid-to-haploid contig sequence
comparisons were also done, in which the number of heterozygous
contigs should be ideally zero. Next, crossover contig sequence compar-
isons were performed by haploid-to-diploid and diploid-to-haploid
contig sequence comparisons, respectively. In the haploid-to-diploid
comparisons, we detected the common genomic loci each of which
was covered by a single contig in the diploid but by multiple contigs
in the haploid. In the same way, the genomic loci covered by a single
contig in the haploid but multiple contigs in the diploid were detected
by the diploid-to-haploid contig sequence comparisons.
2.5. SNP detection around contig breakpoints
In the diploid-to-haploid contig sequence comparisons, we listed
all the contig extension breakpoints, which were deﬁned as the edges
of the BLAST alignments between multiple diploid contigs and a
single haploid contig. The information regarding single nucleotide poly-
morphisms (SNPs) in the diploid genomes were predicted using the
Fig. 1. The statistics of stepwise assembly results for haploid and diploid assemblies. The haploid assembly results using overlap-layout-consensus (OLC) and de Bruijn graph (DBG) based
assemblers are represented in dark and light blue, respectively. The diploid assembly results using OLC- and DBG-based assemblers are represented in dark and light green, respectively.
The X-axis represents the number of input reads. The Y-axis represents the average statistics between three haploid and diploid datasets. Each statisticswere calculated from large contigs
(≥500 bp). (A) Number of contigs. (B) Average contig length. (C) N50 contig length. (D) Largest contig length.
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as a reference. All the diploid reads in dataset 1 used for de novo assem-
blyweremapped to the haploid contigs generated byOLC-based assem-
bly of the haploid dataset 1, using CLC Genomics Workbench, and the
SNPs were predicted by the option of Probabilistic Variant Detection,
followed by a manual validation with read depth ≥20 (for details see
Supplementary information text 1). Finally, the distance to the nearest
breakpoint of contig extension was measured for each of the predicted
SNPs.
3. Results and discussion
3.1. Comparison between de novo assembly of haploid and diploid genomes
Our study generated 341,698,135 and 337,047,769 reads from a
haploid yellowtail larva and its diploid dam, respectively, using Ion Pro-




Contig statistics ( ≥ 500 bp)
Number of contigs 139,971 (±126) 180,
Average contig length (bp) 4252 (±4) 3
N50 contig length (bp) 7152 (±11) 5
Largest contig length (bp) 101,353 (±1006) 98,
Scaffold statistics ( ≥ 2 kb)
Number of scaffolds 3060 (±23) 3
Average scaffold length (bp) 207,009 (±1683) 160,
N50 scaffold length (bp) 407,778 (±3756) 335,
Largest scaffold length (bp) 2,458,176 (±282,364) 2,692,
The average assembly statistics between the three haploid and diploid datasets were listed.reads) of the haploid and the diploid sequence reads was done under
OLC (i.e. Newbler) and DBG (i.e. CLC Genomic Workbench) algorithms
in a stepwise manner with 10 million reads (Fig. 1). Assembly statistics
were calculated from large contigs (≥500 bp). In the all assemblies, the
number of contigs almost continually decreased, while the average and
the N50 contig lengths continually increased until the ﬁnal assembly
step (100 million reads). On the other hand, the largest contig length
increased in a discontinuous fashion (Fig. 1).
The ﬁnal assembly statistics using 100million reads are summarized
in Table 1 and the detailed statistics of those assembly results for the all
three data sets can be found in Tables S1 and S2. In both approaches
(OLC and DBG), haploid assemblies signiﬁcantly (p b 0.01) reduced
the total number of contigs compared to diploid assemblies (OLC:
139,971 for haploid and 180,569 for diploid; DBG: 166,064 for haploid
and 182,554 for diploid). The average contig length in the haploid
assemblies was signiﬁcantly (p b 0.01) greater than in the diploid as-
semblies (OLC: 4252 bp for haploid and 3220 bp for diploid; DBG:DBG
d Haploid Diploid
569 (±5) 166,064 (±210) 182,554 (±91)
220 (±0) 3086 (±5) 2780 (±1)
388 (±20) 4689 (±3) 4267 (±13)
619 (±5058) 77,545 (±14,001) 65,147 (±3002)
965 (±18) 74,485 (±41) 74,342 (±60)
862 (±782) 5948 (±3) 5590 (±8)
550 (±4357) 7502 (±13) 6924 (±26)
539 (±52,751) 82,749 (±8936) 89,134 (±2403)
Fig. 2. Summary of crossover contig sequence comparisons. The results of haploid dataset
1 and diploid dataset 1 are shown (the results from all the datasets are shown in Tables S5
and S6). Contigs generated by overlap-layout-consensus (OLC) based assembly were
used. Haploid: number of haploid contigs that matched single diploid contigs in haploid-
to-diploid contig sequence comparisons are shown inwhite, andmatches tomultiple dip-
loid contigs in diploid-to-haploid contig sequence comparisons are shown in black.
Diploid: number of diploid contigs that matched multiple haploid contigs in haploid-to-
diploid contig sequence comparisons are shown in white, and matches to single haploid
contigs in diploid-to-haploid contig sequence comparisons are shown in black.
Table 2
Summary of haploid-to-haploid and diploid-to-diploid contig sequence comparisons.
Haploid Diploid
1 hit 139,730 (99.78%) 178,516 (98.86%)
2 hit 293 (0.21%) 2032 (1.13%)
N2 hit 150 (0.01%) 20 (0.01%)
The results of haploid dataset 1 and diploid dataset 1 are shown, and those of all datasets
are given in Table S4.
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a similar tendency (OLC: 7152 bp for haploid and 5388 bp for diploid;
DBG: 4689 bp for haploid and 4267 bp for diploid). Longer largest
contigs was formed in the haploid assemblies (OLC: 101,353 bp for
haploid and 98,619 bp for diploid; DBG: 77,545 bp for haploid and
65,147 bp for diploid). Moreover, approximately 42% reduction was
observed in the generation of all the contigs including small ones
(≥100 bp) by OLC-based haploid assemblies compared to the diploid
assemblies (189,856 for haploid and 327,606 for diploid) (Table S1).
Thus, both OLC and DBG approaches showed that the haploid genome
ismore effective than the diploid genome for de novo assembly. In addi-
tion, the statistics of theOLC-based diploid assemblies using 100million
reads were comparable to those of the OLC-based haploid assemblies
using approximately 60 million reads. (Number of contigs: 177,148,
average contig length: 3298, N50 contig length: 5146; Fig. 1 and
Table S1). Thus, we have estimated that the haploid genome assembly
was 40% more efﬁcient than the diploid genome assembly.
While both algorithms were more efﬁcient in the haploid when
compared to the diploid assemblies, the OLC approach was compara-
tively more efﬁcient than the DBG approach (Fig. 1 and Table 1). We
had also conducted another DBG-based assembly using Platanus, a de
novo assembler specially designed to reconstruct highly-heterozygous
genomes (Kajitani et al., 2014). As in the case of our current datasets,
Platanus was less efﬁcient than CLC Genomics Workbench (data not
shown).
The DBG approach uses a variant of the k-mer graph, where
mismatched bases produce bubble structures during the construction
of graph (Miller et al., 2010). In general, sequence reads generated by
Ion Proton sequencer contain more sequence errors than by the other
NGS platforms (Glenn, 2011). These sequence errors may produce
many bubble structures even in the haploid assembly, and thus the
DBG approach may be less tolerant of sequence errors than the OLC
approach (Li et al., 2011). Overall, our results suggest that the OLC-
based de novo assembly of a haploid genome is a promising strategy
for the construction of reference genomes from non-model diploid
organisms such as ﬁsh, when Ion Proton sequencing is used.
3.2. Comparison of the scaffold sequences between haploid and diploid
genomes
Similar to the results observed in the contig assemblies, the scaffold-
ing (≥2 kb) of the haploid assemblies under the OLC algorithm yielded
signiﬁcantly (p b 0.01) fewer number of scaffolds (3060 for haploid and
3965 for diploid), longer average scaffold lengths (207,009 bp for haploid
and 160,862 bp for diploid) and longer N50 scaffold lengths (407,778 bp
for haploid and 335,550 bp for diploid) than those of diploid assemblies
(Table 1). On the other hand, the average size of largest scaffolds of hap-
loid datasets was slightly shorter than that of diploid datasets. However,
the difference was not statistically signiﬁcant (Table 1), and in one out of
three simulations, the size of a largest scaffold of a haploid dataset
(dataset 1)was longer than that of diploid datasets (Table S3). Therefore,
we concluded that the difference in length of the largest scaffoldwas less
important than those in other statistics.
The scaffold statistics in the DBG algorithm also showed that the
average scaffold lengthwas signiﬁcantly (p b 0.01) higher for thehaploid
case (5948 bp for haploid and 5590 bp for diploid) as was the N50 scaf-
fold length (7502 bp for haploid and 6924 bp for diploid) (Table 1). How-
ever, in contrast to OLC approach, the total number of diploid scaffolds
was slightly lower than that of the haploid scaffolds in the DBG-based
scaffolding (Table 1). Nevertheless, as in the case of contig assemblies,
the OLC algorithm was likely to be more effective than the DBG algo-
rithm in scaffold assembly as well (Fig. 1 and Table 1). Therefore, we
used the scaffold assemblies from OLC algorithm for further comparison
of the scaffold quality between haploid and diploid assemblies.
The quality of the scaffold sequences was assessed by counting the
number of regions of unassigned nucleotides (Ns). The scaffoldsequences contain N's due to a gap between contigs, and therefore the
abundance of N's in the scaffold sequences affects the results of the
downstream analyses. The density of N's in the diploid scaffold
sequences was approximately 1.5 times higher than in the haploid
scaffold sequences. The total length of Ns was 45,331,916 bp (7%) and
67,724,360 bp (11%) in the haploid and in the diploid scaffold
sequences, respectively (Table S3).
Thus, these results indicate that utilizing the genome of a haploid
can improve not only the scaffolding efﬁciency but also the quality of
scaffold sequences.
3.3. Comparison of contig structure between haploid and diploid genomes
We have shown that the assembly efﬁciency of the haploid genome
was superior to that of the diploid genome. Since the assemblies were
done using the same procedure for both haploid and diploid datasets
(described in Section 2.3), the difference in efﬁciency was considered
due to the allelic variations in the diploid genome. Therefore, we deter-
mined the number of heterozygous pairs of contigs generated by the
OLC-based assemblies (Tables 2 and S4). Almost all the contigs were
singletons (only 1 hit as a self-match) for the haploid-to-haploid and
diploid-to-diploid contig sequence comparisons. Approximately 1.1%
of the contigs with 2-hits (a self-match and an allelic counterpart)
were heterozygous in the diploid, while far fewer were seen in the
haploid case (0.2%). However, such proportions of heterozygous contigs
cannot explain the difference in total contig number (~40,000, Table 1)
between the haploid and diploid assemblies. In the crossover contig
sequence comparisons (haploid-to-diploid and diploid-to-haploid),
we found a large difference in the number of contigs constituting the
common genomic loci (Fig. 2, Tables S5 and S6). Under the BLAST search
Fig. 3.Distribution of single nucleotide polymorphisms (SNPs). SNPs in the diploid genomes were predicted using the diploid reads and the haploid contigs generated by overlap-layout-
consensus (OLC) based assembly as a reference. For each of the SNPs, the distance to thenearest breakpoint of contig extension pointwasmeasured.Number of SNPs detected in unaligned
and aligned regions that were detected in diploid-to-haploid contig sequence comparisons, are shown in white and black bar, respectively. (A) SNP distribution until 149 bp from contig
breakpoints. (B) SNP distribution until 9 bp from contig breakpoints.
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ed tend to be longer than the query sequence. Therefore, the common
genomic locus predicted in this study corresponds to a long single
contig in the hit, and is covered by relatively short multiple contigs in
the query. In the haploid-to-diploid contig sequence comparisons,
10,968 genomic loci corresponding to diploid single contigs were
covered by 24,011 haploid contigs (shown in white in Fig. 2). In the
diploid-to-haploid contig sequence comparisons, 29,225 genomic loci
(29,225 haploid contigs) were covered by 79,999 diploid contigs
(shown in black in Fig. 2). Thus, the difference in total contig number
between haploid and diploid contigs (Table 1) can be explained mainly
by the abundance of partialized contigs in the diploid assembly.
To examine the relationship between the occurrence of partialized
contigs and heterozygosity in the diploid, we focused on the breakpoints
of contig extension and SNP distribution. From the BLAST alignments of
diploid-to-haploid contig sequence comparisons, 79,999 aligned diploid
contigs were merged to 73,614 aligned regions. Then, 32,615 unaligned
regions were detected as the breakpoints. The distribution of SNPs de-
rived from the parental genomes was computed by mapping the diploid
reads to the haploid contigs as the reference (Fig. 3). We investigated if
the SNP sites were located in the 73,614 aligned regions or the 32,615
unaligned regions, and observed that: i) there exist diploid reads
mapped to the unaligned regions, and ii) there exist more frequent
SNPs in the unaligned regions than in the aligned regions (Fig. 3A). The
former indicates that there are actually many diploid reads which can
cover the unaligned regions but these regions are unsuccessfully assem-
bled, and the latter indicates that such regions are enriched in SNPs com-
pared to the aligned regions. In addition, we found that the SNPs were
often located beside the contig breakpoints (Figs. 3B and S1). Our results
suggest that the heterozygosity in the diploid genome disrupts the ex-
tension of contigs in assembly, and that such a problem is successfully
avoided in the haploid genome assembly.
4. Conclusion
The present study shows that utilizing the genome of haploid ﬁsh
larvae leads to a signiﬁcant improvement in the de novo assembly. The
assembly of a haploid genome of yellowtail effectively reduced thetotal number of contigs/scaffolds, resulting in signiﬁcantly increasing
the average and N50 contig/scaffold lengths. Moreover, the haploid
assembly also improved the quality of scaffold sequences by reducing
the number of regions with unassigned nucleotides (Ns). We also
addressed the reason why the haploid assembly is more effective than
the diploid assembly. It is clear that since SNPs are often located
adjacent to assembly breakpoints of the diploid contig extensions, the
resulting allelic variation in the heterozygous diploid genome disrupts
the extension of contigs during de novo assembly. In contrast, the
assembly of a haploid genome can overcome this problem. Thus, the
present study provides a novel strategy for the construction of reference
genomes from non-model diploid organisms such as ﬁsh.
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